Relationships between protein genetic distance (D) and protein heterozygosity (H) were studied using allele frequency data for 42 proteins derived from multilocus electrophoretic surveys of genetic variation in over 200 invertebrate and over 300 vertebrate species. D and H values for the different proteins (mostly enzymes) were calculated, and large and significant correlations between D and H were found in comparisons of both intraspecific_and interspecific populations. Empirical relationships between D and H were compared with neutral expectations under the stepwise model of neutral mutation with the assumption that populations are in equilibrium with respect to the effects of mutation and genetic drift.
INTRODUCTION
The presence of substantial amounts of allozymic variability revealed by gel electrophoresis in natural populations of most outcrossing animal and plant species has prompted much speculation concerning the nature of this variation. It is still uncertain whether the bulk of it is maintained by balanced selective forces or whether it arises from mutation and genetic drift acting upon selectively neutral alleles (Lewontin, 1974) . Proponents of the latter school have constructed a theoretical framework interrelating such variables as population size, mutation rates and heterozygosity, and in general neutral theory appears adequate to 316 R. D. WARD AND D. O. F. SKIBINSKI account for observed levels of variation (e.g. Fuerst, Chakraborty & Nei, 1977; Chakraborty, Fuerst & Nei, 1980; Nei, 1983) . Interpopulational parameters such as genetic distance have also been tested for goodness of fit to neutral theory, and the fit found to be acceptable (Chakraborty, Fuerst & Nei, 1978) . Some criticisms have been raised of these tests (Phillips & Mayo, 1981) , although Nei and his collaborators believe that such comments are largely based on misunderstandings of the papers concerned (Nei, Chakraborty & Fuerst, 1981) .
We have devised a further test of neutral theory which examines whether protein genetic distance and protein heterozygosity are interrelated in the manner predicted by neutral theory. An earlier examination of pooled data from many vertebrate interspecific comparisons (Skibinski & Ward, 1982) revealed that protein evolutionary rate estimates obtained from the two techniques of protein electrophoresis and aminoacid sequencing are highly correlated. Furthermore, a high positive correlation was observed between the average genetic distances of different proteins and their average heterozygosities. This is expected under neutral theory if it is assumed that proteins vary in neutral mutation rate: proteins with high mutation rates would accumulate more heterozygosity and would diverge more rapidly than those with lower mutation rates. The observed relationship between protein genetic distance and protein heterozygosity was approximately linear, as expected under both the infinite allele and stepwise mutation neutral models (Kimura & Crow, 1964; Ohta & Kimura, 1973; Nei, 1972) , but a linear regression of distance on heterozygosity intercepted the distance axis at a point significantly greater than zero. This non-zero intercept we believed to be inconsistent with neutral theory. Chakraborty & Hedrick (1983) disputed this conclusion on the grounds that sampling errors could cause heterozygosity to be underestimated in cases where the true value of heterozygosity is low, and that furthermore bottleneck effects could distort the relationship between distance and heterozygosity. We questioned whether these factors could in fact account for the observed relationship (Skibinski & Ward, 1983) .
It is the purpose of the present paper to expand upon these earlier findings and discussions, firstly by considering not only vertebrate species but also invertebrates, secondly by considering both interspecific and intraspecific comparisons and by describing the changes in relationships between distance and heterozygosity as species diverge, and thirdly by considering in more detail the predictions and expectations of neutral models of evolutionary change. We also consider whether the results support the proposal of Kluge & Kerfoot (1973) that characters that are more variable within populations are also those that diverge most among populations.
SOURCES OF DATA
Allele frequency data from a large number of surveys of natural populations were used in the analysis, although only studies screening a minimum of 15 individuals (30 genomes) per species or population for a minimum of 15 loci were used. Surveys of laboratory populations, or of parthenogenetic or haplodiploid species, were not included. Sources of data already given in Skibinski & Ward (1981) are not 318 R. D. WARD AND D. O. F. SKIBINSKI Yang & Patton, 1981 (7) . Mammals (66 species plus 2 subspecies): Skibinski & Ward, 1981 (50 + 2) ; Baker et al. 1981 (2) ; Hafner, Petersen & Yates, 1981 (2) ; Patton, Sherwood & Yang, 1981 & Patton, per. comm. (7) ; Simonsen, 1982 (5) .
Vertebrate intraspecies (452 populations, from 74 species). Fish (140 populations from 24 species): Skibinski & Ward, 1981 (55 populations, 9 species); Sage & Selander, 1975 (3) ; Smith, Francis & Paul, 1978 (2) ; Grant & Utter, 1980 (14) ; McLeod, Wynes & Guttman (2); Winans, 1980 (14) ; Andersson et al. 1981 (3) ; Davis, Demartini & McGee, 1981 (2) ; Fairbairn, 1981a (5) ; Fairbairn, 19816 (6) ; Kornfield et al. 1981 (5) ; Stoneking, Wagner & Hildebrand, 1981 (8) ; Vuorinen, Himberg & Lankinen, 1981 (12) ; Carlson et al. 1982 (3) ; Galleguillos & Ward, 1982 (4); Wallis, per. comm. (2) . Amphibia (81 populations, from 9 species): Skibinski & Ward, 1981 (51 populations, 5 species); Case, 1978 (3) ; Nevo & Yang, 1979 (7) ; Larson, 1980 (11); Tilley & Schwerdtfeger, 1981 (9) . Reptiles (81 populations, from 13 species): Skibinski & Ward, 1981 (43 populations, 8 species) ; Adams, Smith & Baccus, 1980 (3) ; Gorman et al. 1980 (14) ; Nevo, 1981 (8) ; Hertz & Zouros, 1981 (7, 6) . Birds (8 populations, from 2 species): Skibinski & Ward, 1981 (4 populations, from one species); Barrowclough, 1980 (4) . Mammals (142 populations, from 26 species): Skibinski & Ward, 1981 (52 populations, from 11 species); Glover et al. 1977 (5) ; Schmitt, 1978 (13) ; Kovacic & Guttman, 1979 (3) ; Ramsey et al. 1979 (2); Smith, 1979 (6) ; Dew & Kennedy, 1980 (7) ; Rice, Gardner & O'Brien, 1980 (2); Ryman et al. 1980 (14) ; Smith & Patton, 1980 (15) ; Hafner et al. 1981 (2); Kawamoto & Ischak, 1981 (3) ; Patton, per. comm. (6, 4, 6, 2) .
ANALYSIS
The form of analysis described in Skibinski & Ward (1982) is that used here with the minor modification that in each of the categories to be described later, not only the mean genetic distance (Dj) but also the mean heterozygosity (Hj) of each protein was adjusted to allow for the possibility that the species or population pairs contributing data for that protein had, for all proteins, atypically high or low distance or heterozygosity values. Thus, in the present paper, Dj is equivalent to Df of Skibinski & Ward (1982) , and Hj is an equivalent modification of the earlier, unadjusted, H } derivation.
The relationship between D } and H } was studied (as in Skibinski & Ward, 1982) by linear regression and correlation analyses. This is because the neutral equations used in deriving expected relationships (see Results section) predict a straight line relationship between D and H over the heterozygosity range studied, with zero intercept, and thus such analysis provides a test of neutral theory. As will be seen, the linear approximation is in fact poor as divergence increases, but has been retained throughout as it indicates how with increasing distance the intercept increases as predicted from our simulations of the neutral model. Our conclusions are unaffected if (i) sampling variation in Hj (estimated from the standard error of heterozygosity for each protein) is taken into account or (ii) principal axes are used instead of regression analysis.
We have used throughout this paper Nei's standard measures of identity and distance (Nei, 1972) , rather than his 'unbiased' estimates which allow for the Protein heterozygosity and genetic distance 319 effects of sample size (Nei, 1978a) . Use of the unbiased estimates would have meant excluding an appreciable body of potentially useful data, since authors are not always precise about the exact numbers of individuals used per locus in their electrophoretic surveys. The bias inherent in using the standard estimates is expected to be small, especially as most sample sizes are appreciably greater than our permitted minimum of 15 individuals, and thus would not affect our conclusions in any significant way.
Vertebrate, invertebrate (excluding Drosophila) and Drosophila data sets were analysed separately, and interspecific comparisons were separated from intraspecific comparisons.
(i) Interspecific comparisons
The two data sets consisting of the vertebrate and invertebrate interspecies information were each divided into four files of species pairs showing little, moderate (two levels) or high levels of divergence, corresponding to genetic identity ranges of 0-9-1-0, 0-7-0-9, 0-5-0-7 and 0-0-5 respectively. In addition, the two total data sets [/ range 0-10) were analysed. The interspecies Drosophila file was too small to warrant subdivision, and was analysed in a single file with / range 0-10. Thus a total of 11 files were constructed. Each file was analysed twice, firstly using all possible pairwise comparisons of species within each survey (as in Skibinski & Ward, 1982) , and secondly using the independent comparisons only.
In the former mode of analysis, only proteins screened from a minimum of four surveys and from a minimum of 30 pairwise species comparisons per protein per file were considered. Here, if a single survey screened k related species within one of the / ranges detailed above, this would give k(k -1 )/2 species pairs each of which would provide a single estimate of heterozygosity and genetic identity for each protein assayed, estimates which would contribute to the final values of Hj and D r
The second analytical method, using independent comparisons, was more conservative in considering comparisons to be included in the analysis. In a survey with k species, species 1 was compared with species 2, species 2 with species 3, and so on to provide k-1 estimates of heterozygosity and identity for each protein in that survey. These values would then contribute to the final estimates of H } and Dj. Note that we are using the term independent in a mathematical rather than biological sense (Skibinski & Ward, 1981) , since the estimates are not independent of the constraints that the true phylogeny of a species assemblage places on particular interspecific distance values, given others. Only proteins screened from a minimum of four surveys and from a minimum of 15 independent pairwise species comparisons per file were considered.
(ii) Intraspecific comparisons There were only two data sets under consideration, vertebrates and invertebrates. The invertebrate set excluded Drosophila, but there was no separate Drosophila file. Each data set was divided into two files of population pairs showing low or high levels of genetic divergence, corresponding to / ranges of 0-95-1-0 and 0-7-0-9 respectively. Again, the two total data sets with / ranges of 0-10 were also 320 R. D. WARD AND D. 0. F. SKIBINSKI analysed, giving a total of six intraspecies files. Only proteins screened from a minimum of four surveys per file, equivalent to a minimum of four species, were considered. Populations of each species were compared pairwise for each protein and these estimates of heterozygosity and identity averaged so that each species contributed a single heterozygosity and a single identity value per protein to the final estimate of H^ and DAOT that protein. This procedure was followed to avoid swamping the final H i and D t estimates with numerous heterozygosity and identity values derived from those surveys screening large number of populations. In such surveys, the interpopulation correlations of heterozygosity and the interpopulation correlations of identity are expected to be high because of gene flow between populations, and could thus bias the estimates of H } and Dj. In our analysis, species screened for two populations were accorded equal weight with species screened for twenty. Table 1 gives the results of a linear regression and correlation analysis of protein genetic distance and protein heterozygosity. The correlation coefficients are all highly significant, and coefficients of determination range from 0-25-O50. Thus, in general, proteins with high heterozygosity have high genetic distance, and a substantial proportion of the observed variance in protein distance can be explained by variation in protein heterozygosity. Correlation coefficients for vertebrates are somewhat greater than those for invertebrates: this may reflect the larger database of vertebrates, but in fact these differences are not statistically significant.
RESULTS (i) Overall relationships between Hj and Dj
Regression coefficients are positive and all are significantly greater than zero. With respect to the interspecies comparisons, regressing D t on Hj gives a positive intercept on the D } axis when Hj = 0, and this intercept is significantly different from zero. Intercepts produced by the intraspecies comparisons, although positive, are very close to, and not significantly different from, zero. The final column of Table 1 expresses the intercept as a proportion of the overall mean genetic distance (Dj) of the proteins of that file, and it can be seen that this proportion increases from around 0-20 for intraspecific analyses to around 0-60-0-70 for interspecific data sets. Thus the intercepts are greater in both absolute and relative terms in the interspecies comparisons.
Overall mean heterozygosity per protein (Hj) increases from vertebrates through invertebrates to Drosophila, a trend which has been noted in many other surveys (e.g. Selander, 1976; Nevo, 1978) . Fig. 1 plots mean protein distances against mean protein heterozygosities, using the independent comparisons only for the interspecies plots. The sizes of the graphs shown in Fig. 1 are the same even though the dimensions marked on the axes are different (the maximum values marked on the axes are approximately equal to the observed maximum values). The substantial relative increases in the intercepts of the interspecies comparisons are therefore readily apparent.
The legend of Fig. 1 gives details on sample sizes of the different proteins. Some Interspecies analyses utilize independent comparisons only. (ii) The changing relationship between Dj and Hj as species diverge A summary of results is given in Table 2 . These analyses omit the Drosophila data set because of insufficient information. With respect to the interspecies data, analyses were performed using both independent pairwise comparisons and all pairwise comparisons, but since these two modes of analysis gave very similar results, Table 2 presents the results of the former analysis only.
Inspection of Table 2 reveals a number of interesting features. The highest correlation between D t and Hp 0-847, is found in the vertebrate intraspecies identity range of 0-95-10. Then, for both intraspecies and interspecies comparisons, as divergence increases so the correlation coefficients and coefficients of determination decrease. For the more distantly related pairs of species, those with / values in the range of 0-05, the correlation coefficients are not significantly different from zero. However, it should be pointed out that these categories have reduced sample sizes.
The regression coefficient or slope increases in the initial stages of species divergence, but in the later stages (/ = 0-0-5) decreases and becomes not significantly different from zero. As populations diverge, so the regression intercept with the Dj axis tends to increase (although note the exception in the vertebrate category / = 0-7-0-9 and note also that the only vertebrate data sets where the intercept is significantly different from zero are in the / ranges 0-0-5 and the pooled set I = 0-10). This increase can be measured in both absolute terms or, in relative terms, by reference to the ratio intercept//)^.
(iii) Expectations of neutral theory
In neutral theory, genetic distance (D) can be approximated by a function of mutation rate (u) and the period of time (t) that has elapsed since a pair of populations became isolated (Nei, 1972) :
Heterozygosity can be approximated by a function of u and effective population size (N e ): infinite allele model (Kimura & Crow, 1964) : or stepwise mutation model (Ohta & Kimura, 1973) :
By substituting for u, D can be expressed in both models as a function of H, t
and N e : infinite allele model: stepwise mutation model :
(1/(1 _ # ) * -! ) . Thus for both models the expected relationships between D and H are dependent upon the relative values of t and N e . Fig. 2 plots these relationships over the heterozygosity range 00-0-40 for / = 10N e , t = N e and t = 01 N e . The lines are approximately linear over this H range and, as expected, give D = 0 when H -0. As t increases, that is as populations or species diverge, the slopes of the lines increase but still intercept the origin. Linear regressions provided a good fit to these lines, particularly in the H range 00-020 where most observations fall, but the slight curve means that such regressions in fact intercept the H axis at a point very close to H -0. It should also be pointed out that the infinite allele and stepwise mutation models give very similar lines for given values of t and N e , although for specified values of H, the expected value for D is slightly higher in the stepwise model. At low H, equations (4) and (5) both simplify to
D=(t/2N e )H, giving a linear relationship between D and H.
How well do the observed relationships between D and H correspond to these neutral expectations ? Briefly, populations with little overall divergence fit expectations very well, but as divergence increase so the fit becomes poorer.
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The vertebrate intraspecies file consisting of populations with / values between 0 -95 and 1-0 may be considered as an example of low divergence. The observed distribution of proteins, together with the expected stepwise mutation line, is given in Fig. 3 . The stepwise mutation model of Kimura & Ohta (1973) Table 2 ) is lower than that expected of a perfect fit to neutral theory (r = 0-996, less than 1 since the expected relationship is slightly curved). Sampling error may be a major contributory factor here, many of the sampled proteins with D values substantially different from expected having low sample sizes. In this intraspecies data file, the overall average genetic distance, D, is equal to 0-015 (Table 2 ). Using equation (1) and neutral mutation rates of between 10~6 and 10~7 per year, the average divergence time is estimated at between 75000 and 7 500 years. Inserting these values into the equation t = 0*346 N e gives N e values of between 200000 and 20000. These estimates of t and N e must be crude approximations, but they do not seem unreasonable. The general conclusion must be that where divergence is low, observed relationships between D and H correspond satisfactorily with those predicted by neutral theory.
One statistical point must be made here. When considering populations with little divergence, it is necessary to take into account sampling error in allele frequency determination. This alone will generate a positive relationship between D and H even subpopulation allele frequencies are identical and genotype (Nei & Roychoudhury, 1974) . The magnitude of this relationship depends on sample size and allele frequencies. Nei (1978a) shows that when populations are genetically identical, an approximate value for this ' spurious distance' can be estimated from the formula E(Z)) = (l-G)/(2nG) where G = Sz? = Y,y\ (x t and y t being the sample allele frequencies in populations X and Y respectively) and n is the number of (diploid) individuals sampled.
-

.
-" n= 100 Fig. 4 gives the relationship between 'spurious distance' and sample heterozygosity using this formula for n = 15, 25, and 50, and compares these results with results from Monte Carlo simulations on diallelic polymorphisms. In these simulations, pairs of subpopulations with identical allele frequencies were sampled for 30,50, or 100 genes (corresponding to 15,25, or 50 individuals) per subpopulation and the genetic identity and mean sample heterozygosity calculated. At each set of allele frequencies, 1000 such samples were taken and the mean identity (and heterozygosity) calculated. This identity value was then converted to a distance value. Subpopulation allele frequencies ranged from allele a = 0 to allele a = 0*28 in steps of 0"01, corresponding to a heterozygosity range of 0 to about 0-4. Fig. 4 shows that agreement between the (approximate) formula predictions and the simulation results was reasonable although the former was always somewhat greater than the latter. For example, with a sample heterozygosity of around 020 and n = 15, the formula generates a 'spurious distance' value of about 0008 compared with the simulation value of about 0006. This compares with observed distance values of about 005 for heterozygosities of about 020 in the vertebrate intraspecies data set of Fig. 3 . Most of our sample sizes are substantially greater than 15 and thus sampling errors will generate D^ values substantially less than 0-006 at Hj = 0-20. It can be concluded that this source of sampling error can only Protein heterozygosity and genetic distance 329 account for a small proportion of the observed relationship between D and H, a proportion that decreases as divergence increases.
In general, where divergence is low, the observed relationships between D and H correspond satisfactorily with those predicted by neutral theory. As divergence increases, however, so goodness of fit to neutral expectations appears to decrease. This is exemplified by intercepts on the D axis at points significantly greater than zero and, in the / ranges 0-05 (high divergence), a reduction in the slope of the regression. However, it should be noted that the approximation D = 2ut is not applicable in the presence of bottlenecks (Chakraborty & Nei, 1977) . Furthermore, the approximation becomes less valid under the stepwise model as t increases, because of the possibility of back mutation (Nei & Chakraborty, 1973; Li, 1976; Nei, 19786) . Thus the rate of accumulation of genetic distance slows down as time increases. Li (1976) shows that this decreasing rate of accumulation of genetic distance is dependent on heterozygosity levels.
It should be pointed out that the average identity Ij used in our analysis of allozyme data is not precisely equivalent to the genetic identity / used in theoretical analyses. The former is the average of locus identity values while the latter is based on the summation over loci of squared allele frequencies and their cross-products. Where data are pooled from different pairs of species from different studies, / can be calculated but its value can change depending on the arbitrary assignment as species X or species Y of the constituent members of the species pairs. We chose to work with Ij as it is not affected in this way, but in practise the difference in magnitude between / and 7^ is likely to be small. 7, is less easily interpretable than /in evolutionary terms, although in certain circumstances, such as systematic studies, it may be the more useful statistic (Hillis, 1984) .
The relationship between Hj and Dj (i.e. -log Ij) under the stepwise mutation model of neutral theory has been determined here by computer simulation. Equations for Nei's / which take account of back mutation have been obtained analytically for conditions of neutral equilibrium (Chakraborty & Nei, 1973; Li, 1976) and the genetic distance values obtained from these equations agree fairly closely with those obtained for the statistic D } from our computer simulations (Skibinski & Ward, unpublished 
results). (iv) Simulations of stepwise neutral theory
Two populations of equal size were allowed to diverge under the influence of mutation and genetic drift. Mating was at random with non-overlapping generations. The average heterozygosity of the two populations and Nei's genetic identity between them was monitored at intervals. Small population sizes (15 diploid individuals) with high mutation rates were used which permitted substantial genetic distance to accumulate in a relatively small number of generations. Some results are shown in Fig. 5 . Each plotted point is based on 1000 replications. The average identity (Ij) for these replications was computed and converted to genetic distance (Dj). Dj is plotted against average heterozygosity over the 1000 pairs of populations. It is immediately obvious from Fig. 5 that the relationship between Hj and Dj is approximately linear for low amounts of divergence (equivalent here to a low number of generations), as expected from equation (3) However, with high overall levels of divergence (i.e. a high number of generations), the relationship reaches an asymptote with lower heterozygosity proteins accumulating relatively more genetic distance than those of high heterozygosity. This general observation has been found to hold with higher population sizes and lower mutation rates (Skibinski & Ward, unpublished of divergence. It is in fact not necessary that the average distance accumulated be great, because pooling a few studies having high genetic distance with others of low genetic distance will tend to flatten out the relationship at high heterozygosity more than would be predicted had all studies the same average level of divergence.
The computer simulation results were used to generate expected values of genetic distance to compare with those observed for each protein in a manner which would take into account variation in overall genetic distance between the population or species comparisons contributing data for each protein. The procedure adopted was as follows:
(1) By extrapolation and further simulation, the number of curves of Fig. 5 was increased to give coverage of the graph up to 8000 generations. Thirty extra curves were added in this way.
(2) For each population or species comparison, the average heterozygosity values for the proteins scored in that comparison were used to obtain expected distance values for each protein for each curve in the graph.
(3) The expected protein distance values were then averaged and the curve at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0016672300022291 which gave the overall average genetic distance closest to that actually observed for that population or species comparison was chosen.
(4) The individual expected protein distance values for this curve were then transformed to identity values and added to running totals for each protein.
(5) Steps 2, 3 and 4 were repeated for each species or population comparison in the overall identity range file.
(6) The summed identities for each of the proteins over all the species or population comparisons were then averaged to give expected lj values for each protein.
( 7) The lj values thus obtained were then transformed back to expected distance values.
The dashed lines in the interspecific comparisons of Fig. 1 
are lines fitted by eye
Protein heterozygosity and genetic distance 333 to these expected points (which are not themselves shown on the graphs). It can be seen that these fitted lines are not straight but curved and asymptotic, and thus linear regressions of these expected distance values on heterozygosity produce positive intercepts on the genetic distance axes. In fact, in the overall identity range of 0-1-0, Table 3 shows that expected slopes and intercepts are similar to those observed. Fits to expectations are rather less satisfactory for vertebrate and invertebrate species pairs of high divergence (identity range 0-0-5; see Fig. 6 and Table 3 ). This may be a consequence of the fairly small data sets in these files, and additional data are required for more rigorous comparisons.
DISCUSSION
In an earlier paper concerned with vertebrate interspecies comparisons (Skibinski & Ward, 1982) , it was shown that there was a significant correlation between the mean genetic distance and mean heterozygosity of proteins. This finding can now be extended to include comparisons between invertebrate species and comparisons between populations of single species of invertebrates and vertebrates.
Similar findings have been reported earlier by Pierce & Mitton (1979) . Data sets from three invertebrate and three vertebrate species showed strong correlations between heterozygosity (H) and Nei's genetic distance (D), ranging from 048 to 087 and all were significantly greater than zero. However, it is clear from the computer simulations detailed in the present paper that sampling error alone can generate a significant correlation between H and D, even when all populations have identical allele frequencies. Thus, it is conceivable that Pierce & Mitton's results could have arisen, at least in part, from this effect. But although such sampling artifacts can generate significant correlations, the regression coefficients produced are rather small (and inversely proportional to sample size). In our data sets, the regression coefficients of D on H are substantially larger than those anticipated through sampling error alone, and thus we believe we have demonstrated a real increase in evolutionary rate in proteins of higher heterozygosity.
The conclusion that a significant correlation exists between mean genetic distance (Dj) and mean heterozygosity (Hj) over a sample of different proteins does not necessarily carry with it the conclusion that individual loci that are highly heterozygous will evolve faster than those that are weakly heterozygous. Each protein will be monomorphic in some species and polymorphic in others, although proteins with lower Dj tend to have a higher frequency of monomorphic loci (Skibinski & Ward, 1982) . One could therefore conceive that the rate of evolution of a protein in a species might be independent of the heterozygosity in that species but that the evolutionary rate differs between proteins. In fact, our observation that the correlation remains when heterozygous loci are excluded in the computation of protein genetic distance (but not in the computation of heterozygosity) is consistent with this (Skibinski & Ward, 1982) . However, we favour the interpretation that the relationship arises because the probability of future divergence at a locus is related to its present heterozygosity. This interpretation is supported by an earlier analysis (Skibinski & Ward, 1981) , where we demonstrated a correlation between locus heterozygosity and the probability of locus divergence. Our results can also be considered as a possible example of the somewhat controversial 'Kluge-Kerfoot phenomenon'. This phenomenon, first described by Kluge & Kerfoot (1973) and later supported by many other authors (see Rohlf, Gilmartin & Hart, 1983) , relates to the increased diversity between populations of character traits that are highly variable within populations, and was first identified from the analysis of a number of morphological traits in several vertebrate species. Sokal (1976 Sokal ( , 1978 reanalysed some of the data sets of Kluge and Kerfoot together with some new (morphological) data sets, and found generally similar results. He pointed out that such effects might arise from environmental effects on phenotypically plastic characters, or, if the trait has a heritable component, from either natural selection or random genetic drift. However, the existence of the Kluge-Kerfoot phenomenon has recently been questioned by Rohlf et al. (1983) , who conclude that the patterns of morphological variation which appear to support the Kluge-Kerfoot phenomenon are simply statistical artifacts, caused by a general empirical correlation between the mean of a character and both within and among population coefficients of variation. They write that ' whilst there may actually be a correlation between the levels of within-and among-population variability, previous studies do not provide adequate data to allow investigation of such a relationship'.
An earlier study (Skibinski & Ward, 1981) showed that locus heterozygosity and divergence rates were correlated in comparisons of both intraspecific and interspecific populations. We suggest that those results, together with the present data, do provide evidence for the existence of the Kluge-Kerfoot phenomenon, at least at the allozyme level. Whether the patterns we observe arise from selective forces or from genetic drift is a much harder question to resolve. Note that while Sokal (1978) and Riska (1979) both point out that gene flow between local populations might lead to greater within population variation for characters showing greater among population variation, this cannot account for the relationship between heterozygosity and divergence in the interspecies comparisons where gene flow can be assumed to be negligible.
Neutral theory predicts that proteins that are highly variable within populations should also be more diverse between populations. Manipulation of the steady-state or equilibrium neutral equations shows that when distance is plotted against heterozygosity, the expected neutral relationship is approximately linear over the heterozygosity range observed in nature, and gives a distance equal to zero when heterozygosity equals zero. These expectations accord well with the intraspecies observations, particularly in cases when divergence is very low (identity range of 095-1). However, as divergence increases, so linear regression intercepts with the distance axis increase and become significantly greater than zero. We originally suggested that therefore not all allozyme polymorphisms were neutral (Skibinski & Ward, 1982) , although Chakraborty & Hedrick (1983) did not agree with this conclusion. They proposed that the observed discrepancies from steadystate neutral predictions may have been caused either by sampling errors or by populations not being in neutral equilibrium.
It now appears that the results are consistent with steady-state neutral theory under the stepwise mutation model, the observed differences in distance and Protein heterozygosity and genetic distance 335 heterozygosity being largely the result of differences in neutral mutation rate. It does not seem necessary to invoke non-equilibrium models nor sampling errors to explain the positive intercepts of the interspecies comparisons. This reinterpretation arises from the observation that while the expected neutral relationship between distance and heterozygosity is approximately linear over the observed heterozygosity range when divergence is low, at high levels of divergence the relationship reaches an asymptote. The observed relationships between distance and heterozygosity agree closely with those predicted by the simulations.
Can the results also be explained by selection theory ? Selection theory holds that allozyme polymorphisms are maintained by balanced selective forces such as heterosis or frequency-dependent selection. It is likely that our results could be consistent with selection theory if, for example, the more heterozygous loci are more often able than the less heterozygous loci to respond to changed environmental or ecological conditions by a change in genotype frequency equilibrium values, or by a change to directional selection in favour of a particular allele. Unlike neutral theory, selection theory does not at present make any clear and testable quantitative predictions. To be consistent with our results, such predictions would have to be similar to those of neutral theory in explaining both the initial high correlation between genetic distance and heterozygosity and its decline as divergence increases.
Thus to summarize, our results are consistent with neutral theory and may be consistent with selection theory. Indeed, it is interesting that the relationship which we originally thought not to be completely explicable by neutral theory (Skibinski & Ward, 1982) , and which Chakraborty & Hedrick (1983) sought to explain by sampling errors or by non-equilibrium models, is precisely that expected under equilibrium neutral theory. However, certain predictions of neutral theory have not yet been tested in our analyses. We have not tested for the possibility that the scatter of point about the expected lines is greater than could be attributed to sampling error, in particular, it is expected that proteins of similar heterozygosities should have similar genetic distances. More data are being collected to enable us to examine this prediction.
